Abstract: Novel "ECO Mg" alloys, i.e., CaO-added Mg alloys, which exhibit oxidation resistance during melting and casting processes, even without the use of beryllium or toxic protection gases such as SF 6 , have recently been introduced. Research on ECO Mg alloys is still continuing, and their application as welding filler metals was investigated in this study. Mechanical and metallurgical aspects of the weldments were analysed after welding, and welding behaviours such as fume generation and droplet transfer were observed during welding. The tensile strength of welds was slightly increased by adding CaO to the filler metal, which resulted from the decreased grain size in the weld metal. When welding Mg alloys, fumes have been unavoidable so far because of the low boiling temperature of Mg. Fume reduction was successfully demonstrated with a wire composed of the novel ECO Mg filler. In addition, stable droplet transfer was observed and spatter suppression could be expected by using CaO-added Mg filler wire.
Introduction
Weight reduction is becoming an increasingly important issue in the automotive industry, to adhere to global CO 2 emission and fuel consumption regulations. Magnesium alloys are a promising lightweight alternative to aluminium alloys and high-strength steel in the automotive industry. Although Mg alloys have many advantages such as high specific strength, low density, and good casting ability, they are inherently reactive during processing of the molten Mg alloy; therefore, sulphur hexafluoride (SF 6 ) protection gas must be used or beryllium must be added to the Mg alloy to prevent ignition. Recently, so-called "ECO Mg" alloys have been invented by introducing CaO to the conventional Mg alloys. Previous studies have reported that Mg oxidation and ignition could be controlled and minimized in various ECO Mg alloys during melting [1] [2] [3] [4] , and improved mechanical properties and metallurgical characteristics have been reported [5] [6] [7] .
Welding and joining are essential processes to manufacture automotive parts, and several welding processes have been proposed for Mg alloys. However, welding Mg alloys is inherently difficult because of their material characteristics such as low boiling temperatures, a high thermal expansion coefficient, and high thermal conductivity. Friction stir welding, a solid-state process, has been suggested to overcome the disadvantages of Mg alloys [8] [9] [10] [11] . Also, numerous research studies for fusion welding processes that are more familiar and flexible have been recently published to optimize the fusion welding processes. These include gas tungsten arc welding [12, 13] , gas metal arc welding (GMAW) [14] , and laser welding [15, 16] . Recent studies on friction stir welding of ECO Mg alloy revealed that the mechanical and metallurgical characteristics of friction stir welds were also improved by the enhanced mechanical properties of ECO Mg alloy [17, 18] . Other interesting results come from the laser welding of ECO Mg alloy. In addition to improved mechanical and metallurgical characteristics, laser-induced plasma can be controlled using ECO Mg alloy, which can prevent plasma interference with laser irradiation and can consequently lead to increased welding speed to realize fully penetrated welds [19] .
In GMAW, the filler metal electrode has two important roles: as an electrode and as the source of deposited metal in the welds. The filler wire, which is normally employed as the positive pole, is exposed to the high-temperature welding arc, and electrons are condensed into the filler wire. Thus, the molten drop hanging on the end of the filler wire is easily overheated. Mg in the filler wire can result in droplet evaporation due to its low boiling point. However, most previous studies of droplet evaporation and fume generation have focused on Mg-containing Al filler wires [20] [21] [22] [23] and only spatter generation and porosity in Mg filler wire were discussed [14] . On the other hand, as the source of deposited metal in welds, ECO Mg filler wire dissolved in the weld metal can improve mechanical and metallurgical characteristics as confirmed in autogenous laser welding of ECO Mg alloy [19] .
In this study, ECO Mg alloy was employed as a filler metal for GMAW, and the weldability was studied. First, various mechanical and metallurgical characteristics of welds are explained, and then welding phenomena such as fume generation and droplet transfer monitored during GMAW will be discussed.
Experimental Setup
In this study, the base material was a commercial AZ 31 alloy sheet with a measured tensile strength of 278 MPa whose measured chemical composition is given in Table 1 . The sheet was 150 mm long, 120 mm wide, and 1.5 mm thick. Before welding, the oxide film on the specimen was removed with a stainless brush in the area intended for welding. The filler materials were a commercial AZ 31 alloy (AZ31-A) and CaO-added AZ 31 alloy (AZ31-B). Both fillers were 1.2 mm in diameter, and their chemical compositions measured by ICP are given in Table 2 . In the welding experiments, bead-on-plate (BOP) welding was conducted and the fillers were fed into the weld pool with a lead angle of 20˝from perpendicular, as shown in Figure 1a . Figure 2 shows the arc welding system with a six-axis articulate robot, a wire feeding system, and a welding power source. Argon shielding gas was supplied by a welding torch with a flow rate of 20 L/min. Mg alloys have a low boiling temperature, and a tremendous amount of spatters are generated when welding in the standard mode [14] . To avoid spatter generation and minimize heat input during welding, a Fronius CMT (cold-metal-transfer) 3200 was used as the power source, operating in the CMT mode, which is a type of short circuit transfer mode welding. The welding current, welding voltage, wire feed speed, and welding speed selected were 80 A, 10.2 V, 6.4 m/min, and 0.6 m/min, respectively.
After welding, the metallurgical and mechanical characteristics of the welds were examined. The specimens were polished and etched for 50 s in a solution of 2 mL hydrochloric acid and 100 mL ethanol in order to observe the microstructure of welds using a light microscope. Static tensile tests with a test speed of 5 mm/min were conducted on the specimen shown in Figure 3a In the fume generation experiments, GMAW and laser melting experiments were conducted. The setup for GMAW was the same as for welding, and two welding modes-the CMT and pulse welding modes-were employed. In the CMT mode welding, the welding conditions were identical to the previous welding experiments. In the pulse mode welding, the average welding current, welding voltage, wire feed speed, and welding speed were 82 A, 22.4 V, 8.7 m/min, and 0.5 m/min, respectively.
During the laser melting experiment, as shown in Figure 1b , the filler wires were fed perpendicularly to the specimen with a wire feed speed of 3 m/min. The laser beam with a power of 4 kW was delivered using a 200-μm-diameter optical fibre (LLK-D 02, Trumpf Laser-und Systemtechnik GmbH, Ditzingen, Germany) from a Yb:YAG disk laser source (Trumpf HLD 4002, Trumpf Laser-und Systemtechnik GmbH, Ditzingen, Germany) and irradiated the end of the filler wire at an inclination angle of 40° and a defocusing distance of 3 mm.
High-speed photography using a Photron FASTCAM Ultima APX camera was employed with a capture speed of 2000 frames per second to record fume generation behaviour. A neutral density filter (ND400) and metal-halide back lighting were used to obtain clear images. In the fume generation experiments, GMAW and laser melting experiments were conducted. The setup for GMAW was the same as for welding, and two welding modes-the CMT and pulse welding modes-were employed. In the CMT mode welding, the welding conditions were identical to the previous welding experiments. In the pulse mode welding, the average welding current, welding voltage, wire feed speed, and welding speed were 82 A, 22.4 V, 8.7 m/min, and 0.5 m/min, respectively.
Welding Characteristics
During the laser melting experiment, as shown in Figure 1b , the filler wires were fed perpendicularly to the specimen with a wire feed speed of 3 m/min. The laser beam with a power of 4 kW was delivered using a 200-µm-diameter optical fibre (LLK-D 02, Trumpf Laser-und Systemtechnik GmbH, Ditzingen, Germany) from a Yb:YAG disk laser source (Trumpf HLD 4002, Trumpf Laser-und Systemtechnik GmbH, Ditzingen, Germany) and irradiated the end of the filler wire at an inclination angle of 40˝and a defocusing distance of 3 mm.
High-speed photography using a Photron FASTCAM Ultima APX camera was employed with a capture speed of 2000 frames per second to record fume generation behaviour. A neutral density filter (ND400) and metal-halide back lighting were used to obtain clear images. Figure 4 shows the bead appearance and cross-section for welds with each of the filler wires. Sound bead appearance and cross-section were achieved for both fillers under the given welding conditions. Tensile tests were carried out for specimens with and without weld reinforcement. Joint efficiency was defined as the ratio of average tensile strength of the weldment to that of the base material, and is given in Figure 5 . The specimens with weld reinforcement were fractured at the heat-affected zone, whereas those without weld reinforcement were fractured at the weld metal as shown in Figure 6 . The fracture location did not vary with the filler wire. However, the tensile strengths of weldments welded with the CaO-containing AZ31-B wire were slightly higher than those welded with the conventional AZ31-A wire. Figure 4 shows the bead appearance and cross-section for welds with each of the filler wires. Sound bead appearance and cross-section were achieved for both fillers under the given welding conditions. Tensile tests were carried out for specimens with and without weld reinforcement. Joint efficiency was defined as the ratio of average tensile strength of the weldment to that of the base material, and is given in Figure 5 . The specimens with weld reinforcement were fractured at the heataffected zone, whereas those without weld reinforcement were fractured at the weld metal as shown in Figure 6 . The fracture location did not vary with the filler wire. However, the tensile strengths of weldments welded with the CaO-containing AZ31-B wire were slightly higher than those welded with the conventional AZ31-A wire. Figure 4 shows the bead appearance and cross-section for welds with each of the filler wires. Sound bead appearance and cross-section were achieved for both fillers under the given welding conditions. Tensile tests were carried out for specimens with and without weld reinforcement. Joint efficiency was defined as the ratio of average tensile strength of the weldment to that of the base material, and is given in Figure 5 . The specimens with weld reinforcement were fractured at the heataffected zone, whereas those without weld reinforcement were fractured at the weld metal as shown in Figure 6 . The fracture location did not vary with the filler wire. However, the tensile strengths of weldments welded with the CaO-containing AZ31-B wire were slightly higher than those welded with the conventional AZ31-A wire. Figure 4 shows the bead appearance and cross-section for welds with each of the filler wires. Sound bead appearance and cross-section were achieved for both fillers under the given welding conditions. Tensile tests were carried out for specimens with and without weld reinforcement. Joint efficiency was defined as the ratio of average tensile strength of the weldment to that of the base material, and is given in Figure 5 . The specimens with weld reinforcement were fractured at the heataffected zone, whereas those without weld reinforcement were fractured at the weld metal as shown in Figure 6 . The fracture location did not vary with the filler wire. However, the tensile strengths of weldments welded with the CaO-containing AZ31-B wire were slightly higher than those welded with the conventional AZ31-A wire. The increase in the hardness of the weld metal with the AZ31-B wire is clearly observed, while the hardness of the weld metal with the AZ31-A wire is even lower than that of the base metal. A previous study explained that the increase in hardness results from the Al 2 Ca intermetallic compound in the CaO-containing Mg alloy [2] . The microstructure of the base metal and the heat-affected zone were identical because only the filler metal varied. In the heat-affected zone, abnormal grain growth was observed due to the heat input during welding. Grain size in the weldment-even those containing CaO-is larger than that of the base material fabricated by hot rolling, which leads to dynamic recrystallisation due to intense plastic deformation [24] . The grains found for the weldment with the AZ31-B wire were finer than those for the AZ31-A wire. The previous research (Reference [5] ) demonstrated that grain refining was driven by the secondary phase, Al 2 Ca. In Figure 8c Figures 7 and 8 show the hardness profiles and microstructures, respectively, of the weldments. The increase in the hardness of the weld metal with the AZ31-B wire is clearly observed, while the hardness of the weld metal with the AZ31-A wire is even lower than that of the base metal. A previous study explained that the increase in hardness results from the Al2Ca intermetallic compound in the CaO-containing Mg alloy [2] . The microstructure of the base metal and the heat-affected zone were identical because only the filler metal varied. In the heat-affected zone, abnormal grain growth was observed due to the heat input during welding. Grain size in the weldment-even those containing CaO-is larger than that of the base material fabricated by hot rolling, which leads to dynamic recrystallisation due to intense plastic deformation [24] . The grains found for the weldment with the AZ31-B wire were finer than those for the AZ31-A wire. The previous research (Reference [5] ) demonstrated that grain refining was driven by the secondary phase, Al2Ca. In Figure 8c Figures 7 and 8 show the hardness profiles and microstructures, respectively, of the weldments. The increase in the hardness of the weld metal with the AZ31-B wire is clearly observed, while the hardness of the weld metal with the AZ31-A wire is even lower than that of the base metal. A previous study explained that the increase in hardness results from the Al2Ca intermetallic compound in the CaO-containing Mg alloy [2] . The microstructure of the base metal and the heat-affected zone were identical because only the filler metal varied. In the heat-affected zone, abnormal grain growth was observed due to the heat input during welding. Grain size in the weldment-even those containing CaO-is larger than that of the base material fabricated by hot rolling, which leads to dynamic recrystallisation due to intense plastic deformation [24] . The grains found for the weldment with the AZ31-B wire were finer than those for the AZ31-A wire. The previous research (Reference [5] ) demonstrated that grain refining was driven by the secondary phase, Al2Ca. In Figure 8c Figure 9 compares high-speed images taken during the CMT mode welding. Comparing both filler wires shows that fume generation was reduced when the AZ31-B filler wire was used. In the case of the CaO-containing Mg alloy, a thin CaO-rich barrier layer was formed at the surface; this layer can successfully suppress rapid oxidation and burning during the melting process [4] . During welding, the filler wire was melted and a droplet was formed at the end of the wire. The burning resistance of the AZ31-B filler wire could result in fume suppression, and this is more clearly confirmed during the laser melting experiment, as shown in Figure 10 . The welding fumes can be generated from either the molten droplet or the weld pool [25] , but no fumes were generated from the weld pool in the laser melting experiment. Figure 9 compares high-speed images taken during the CMT mode welding. Comparing both filler wires shows that fume generation was reduced when the AZ31-B filler wire was used. In the case of the CaO-containing Mg alloy, a thin CaO-rich barrier layer was formed at the surface; this layer can successfully suppress rapid oxidation and burning during the melting process [4] . During welding, the filler wire was melted and a droplet was formed at the end of the wire. The burning resistance of the AZ31-B filler wire could result in fume suppression, and this is more clearly confirmed during the laser melting experiment, as shown in Figure 10 . The welding fumes can be generated from either the molten droplet or the weld pool [25] , but no fumes were generated from the weld pool in the laser melting experiment. Figure 9 compares high-speed images taken during the CMT mode welding. Comparing both filler wires shows that fume generation was reduced when the AZ31-B filler wire was used. In the case of the CaO-containing Mg alloy, a thin CaO-rich barrier layer was formed at the surface; this layer can successfully suppress rapid oxidation and burning during the melting process [4] . During welding, the filler wire was melted and a droplet was formed at the end of the wire. The burning resistance of the AZ31-B filler wire could result in fume suppression, and this is more clearly confirmed during the laser melting experiment, as shown in Figure 10 . The welding fumes can be generated from either the molten droplet or the weld pool [25] , but no fumes were generated from the weld pool in the laser melting experiment. Pulse mode welding was conducted to implement relatively high-current welding. Figure 11 shows the high-speed images obtained during pulse mode welding. During the pulse mode welding, fume suppression by the AZ31-B wire was not clearly observed because of the high welding current. However, the taper was formed at the end of the wire and the pinch force to detach the droplet increased, which can enhance spray transfer [26] . Therefore, the droplet transfer mode changed from globular transfer to spray transfer mode in which droplet size was reduced and the droplets were more rapidly transferred into the weld pool. In the conventional GMAW of Mg alloys, a large droplet hanging on the wire can be expelled by sudden arc expansion which causes severe spattering [14] . Small droplet size and fast transfer time would be helpful to suppress spatter generation in welding Mg alloys.

Fume Generation and Droplet Transfer
Pulse mode welding was conducted to implement relatively high-current welding. Figure 11 shows the high-speed images obtained during pulse mode welding. During the pulse mode welding, fume suppression by the AZ31-B wire was not clearly observed because of the high welding current. However, the taper was formed at the end of the wire and the pinch force to detach the droplet increased, which can enhance spray transfer [26] . Therefore, the droplet transfer mode changed from globular transfer to spray transfer mode in which droplet size was reduced and the droplets were more rapidly transferred into the weld pool. In the conventional GMAW of Mg alloys, a large droplet hanging on the wire can be expelled by sudden arc expansion which causes severe spattering [14] . Small droplet size and fast transfer time would be helpful to suppress spatter generation in welding Mg alloys. 
Conclusions
In this study, welding characteristics, fume generation, and droplet transfer behaviour of the CaO-added AZ31 filler wire were compared with the conventional AZ31 filler wire. The conclusions are as follows:
(1) The tensile strength of weldments was slightly increased by using the CaO-added AZ31 filler wire. By adding CaO, the grain size in the weld metal decreased from 59.9 μm to 20.4 μm, and the average hardness in the weld metal increased from 55.3 Hv to 68.9 Hv. (2) Welding fumes were successfully suppressed during the CMT mode welding. The fume suppression was due to the burning resistance of CaO-added Mg alloy, and this has been confirmed by using the laser melting test. (3) In the pulse mode welding, spray transfer mode welding was achieved, which enabled stable droplet transfer. Also, the suppression of spatter was expected because of the small droplet size and fast transfer time.
